Background and Purpose-Plasma levels of matrix metalloproteinase-9 (MMP-9) have been proposed to be a useful biomarker for assessing pathological events in brain. Here, we examined the temporal profiles of MMP-9 in blood and brain using a rat model of acute focal cerebral ischemia. Methods-Plasma and brain levels of MMP-2 and MMP-9 were quantified at 3, 6, 12, and 24 hours after permanent middle cerebral artery occlusion in male Sprague-Dawley rats. Infarct volumes at 24 hours were confirmed with 2,3,5-triphenyltetrazolium-chloride staining. Results-In plasma, zymographic bands were detected between 70 and 95 kDa corresponding to pro-MMP-2, pro-MMP-9, and activated MMP-9. A higher 135-kDa band was also seen that is likely to be NGAL-conjugated MMP-9. After ischemia, there were no significant changes in pro-MMP-2, but plasma levels of pro-MMP-9 steadily increased over the course of 24 hours. Activated MMP-9 levels in plasma were significantly elevated only at 24 hours. Plasma NGAL-MMP-9 complexes showed a transient elevation between 3 to 6 hours, after which levels decreased back down to pre-ischemic baselines. In brain homogenates, pro-MMP-2, pro-MMP-9, and activated MMP-9 were seen but no NGAL-MMP-9 bands were detected. Compared to the contralateral hemisphere, MMP-2 and MMP-9 levels in ischemic brain progressively increased over the course of 24 hours. Overall levels of MMP-9 in plasma and brain were significantly correlated, especially at 24 hours. Plasma levels of pro-MMP-9 at 24 hours were correlated with final infarct volumes. Conclusions-Elevated plasma levels of MMP-9 appear to be correlated with brain levels within 24 hours of acute cerebral ischemia in rats. Further investigation into clinical profiles of MMP-9 in acute stroke patients may be useful. 
M atrix metalloproteinases (MMP) have been implicated in stroke pathophysiology. [1] [2] [3] MMP-2 and MMP-9 are rapidly upregulated in ischemic brain in animal models and stroke patients. [3] [4] [5] [6] Pharmacological inhibition or genetic knockdown of MMP reduces neuronal death, blood-brain barrier damage, edema, and hemorrhage. 4, [7] [8] [9] [10] [11] In this context, circulating plasma levels of MMP have been proposed to serve as useful biomarkers for stroke. 12 Plasma MMP-2 and MMP-9 were positively correlated with stroke severity measured with the National Institutes of Health Stroke Scale score and ischemic lesion volumes measured on diffusion-weighted imaging scans. 13, 14 However, a recent experimental study in rats reported that plasma MMP-9 peaked at 4 hours after ischemia and then decreased rapidly, whereas brain MMP-9 peaked later at 24 hours and persisted until 72 hours after ischemic onset. 15 Furthermore, it is now known that blood cells can contribute to MMP signatures after brain injury. 16 How well plasma MMP reflects brain MMP and the progression of infarction after stroke remains to be fully dissected. In this study, we used a rat model of focal cerebral ischemia to examine the temporal profile of blood vs brain MMP and their relationship with brain infarction.
Methods and Materials

Animal Model
All experiments were performed following an institutionally approved protocol in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass), weighing 260 to 290 grams, were subjected to permanent focal cerebral ischemia using the standard intraluminal occlusion method. 7 General anesthesia was maintained with 2.0% isoflurane in 30% oxygen and 70% nitrous oxide via face mask. The rectal temperature was monitored and maintained at 37°C with heating pad. Laser Doppler flowmetry (Perimed) was used to confirm adequate ischemia.
Only rats that showed at least 70% reduction of middle cerebral artery flow from baseline were included. Two separate studies were performed. In the first set of rats, we examined the temporal profile of plasma MMP by sequentially sampling blood from the left internal jugular vein just after anesthesia before ischemic surgery, and then 3, 6, 12, and 24 hours after middle cerebral artery occlusion. At the end of this study, all brains were removed for measurement of 24-hour infarction volumes. Out of 11 rats initially assigned to this first experiment, 2 rats were excluded because of filament puncture, and 1 rat was excluded because laser Doppler flowmetry-regional cerebral blood flow (LDF-CBF) values did not decline to our prespecified ischemic levels. In the second set of rats, we examined the relationship between blood and brain MMP-9 by sampling blood from the left internal jugular vein in 6 or 7 rats each, at 3, 6, and 12 hours, and 13 rats at 24 hours after ischemia. Immediately after blood withdrawal, rats were killed and brains were removed. In all cases, sampled blood was centrifuged at 4500 rpm for 15 minutes within 5 minutes, and plasma was collected, and stored at Ϫ80°C for later zymography and Western blot analysis. Out of the 45 rats initially assigned to this experiment, 4 rats were excluded because of inadequate LDF-CBF reduction for proper cerebral ischemia; 8 rats died during surgery because of technical problems, including filament puncture and hemorrhage. In all experiments, Ͻ1 mL of blood was withdrawn at a single time. All rats tolerated this procedure without problems.
Gelatin Zymography
The levels of MMP-2 and MMP-9 in plasma and ischemic brain homogenates were measured by gelatin zymogram following previously described techniques. 7 Rats were deeply anesthetized and then transcardially perfused with ice-cold phosphate-buffered saline. The brains were quickly removed, divided into ipsilateral ischemic hemispheres and contralateral nonischemic hemispheres, then frozen immediately in liquid nitrogen, and stored at Ϫ80°C. Samples were homogenized in lysis buffer including protease inhibitors on ice. After centrifugation, supernatant was collected, and total protein concentrations were determined using the bicinchoninic acid protein assay method. Prepared 50 g protein samples were loaded and separated by 10% Tris-glycine gel with 0.1% gelatin as substrate. After electrophoresis, gels were placed in 2.7% Triton X-100 for 1 hour to remove SDS, and then incubated for 21 hours at 37°C in developing buffer (50 mmol/L Tris base, 40 mmol/L HCl, 200 mmol/L NaCl, 5 mmol/L CaCl 2 , and 0.2% Briji 35; Invitrogen) on a rotary shaker. After incubation, gels were stained in 30% methanol, 10% acetic acid, and 0.5% wt/vol Coomassie brilliant blue for 2 hours, followed by destaining. Gelatinolytic activity was manifested as horizontal white bands on a blue background. MMP bands were identified after standard techniques using molecular weight criteria and the loading of human MMP-9 control purchased from Chemicon. 17 
Western Blotting Analysis
To analyze the expression patterns of MMP-9 and neutrophil gelatinase-associated lipocalin (NGAL)-MMP-9 complexes in plasma and ischemic brains, protein concentration of the plasma and brain lysate were determined using the bicinchoninic acid protein assay method. Equal volume or amounts of proteins (plasma 6 L, brain lysate 20 g) were loaded onto 4% to 20% gradient gel or 8% Tris-Glycine SDS-PAGE under nonreducing conditions and transferred to polyvinylidene flouride membranes. The membrane was blocked with 10% nonfat dry milk in phosphate-buffered saline containing 0.1% Tween-20, followed by incubating with primary antibody at 4°C for 18 hours. After washing with phosphate-buffered saline containing 0.1% Tween-20, the membrane was incubated with peroxidase-conjugated secondary antibody at room temperature for 1 hour. Labeled proteins were detected by using chemical luminescence (ECL; Amersham Pharmacia Biotech). Rabbit antirat MMP-9 polyclonal antibody (Chemicon) and rabbit polyclonal NGAL (Santa Cruz Biotechnology) were used at 1:4000 and 1:2000 dilutions, respectively.
Measurement of Infarct Volume
Eight rats were euthanized at 24 hours after focal ischemia in first experiment. Seven coronal sections per brain of 2-mm thickness were made and stained with 2,3,5-triphenyltetrazolium-chloride. Infarct volumes were quantified with standard computer-assisted image analysis technique (Image J version 1.3). To exclude possible confounding effects of brain swelling, an indirect method was used to calculate the lesion volumes. 7, 18 
Statistical Analysis
Data from serial blood levels of MMP-9 and MMP-2 were tested with repeated measures 1-way ANOVA followed by least significant difference corrections for multiple comparisons to assess MMP levels at different time points. Brain levels of MMP were analyzed with paired t test compared with the contralateral hemisphere. Pearson and Spearman correlation coefficients were used to analyze the association between the level of plasma MMP-9 and the level of brain MMP-9 and acute infarct volume, respectively. PϽ0.05 was considered statistically significant. The data are expressed as meanϮSEM.
Results
Temporal Profile of Plasma MMP-9
Serial plasma samples taken from rats before arterial occlusion were compared with samples taken at 3, 6, 12, and 24 hours after permanent focal cerebral ischemia. Gelatin zymography showed typical bands corresponding to pro-MMP-2 (72 kDa), pro-MMP-9 (95 kDa), and activated MMP-9 (92 kDa; Figure 1A ). The presence of MMP-9 protein was confirmed with immunoblotting ( Figure 1B) . Besides the expected MMP-2 and MMP-9 bands, zymograms also revealed higher bands near 135 kDa ( Figure 1A ). Subsequent immunoblotting against MMP-9 and NGAL protein suggested that these might represent covalent complexes of NGAL and MMP-9 ( Figure 1C ), because both immunoreactivities (probed with antibodies against MMP-9 and against NGAL) migrated at a similar molecular weight of Ϸ135 kDa.
For quantitative analysis, optical density was measured in all zymographic gels. No significant changes in pro-MMP-2 were noted. However, plasma levels of pro-MMP-9 and total MMP-9 steadily increased over time (Figure 2A,C) . In contrast, activated MMP-9 did not become significantly elevated until 24 hours after ischemic onset ( Figure 2B ). NGAL-MMP-9 levels were more variable and showed a transient response, with plasma levels peaking between 3 and 6 hours, and then declining back to baseline by 24 hours ( Figure 2D ).
Temporal Profile of Brain MMP
Zymography of brain homogenates showed the expected bands, corresponding to 72 kDa pro-MMP-2, 92 kDa activated MMP-9 and 95 kDa pro-MMP-9 ( Figure 3A) . However, no 135 kDa NGAL-MMP-9 bands were detected at any time in the rat brains ( Figure 3A) . Compared to the contralateral hemisphere, ischemic brain levels of pro-MMP-9, activated MMP-9, and total MMP-9 were all significantly increased over the 24-hour period after ischemic onset ( Figure  3B-D) . Pro-MMP-2 was also slightly elevated over time ( Figure 3E ). significantly correlated (rϭ0.643, PϽ0.001 in total MMP-9; rϭ0.561, Pϭ0.001 in pro-MMP-9; rϭ0.540, Pϭ0.001 in activated MMP-9; Figure 4A -C). Furthermore, a dependence on time was observed. Subsequent analysis showed that the strongest correlation between plasma and brain MMP-9 was found at 24 hours (rϭ0.560, Pϭ0.046 for total MMP-9; rϭ0.585, Pϭ0.036 for pro-MMP-9). Interestingly, no correlation was found for activated MMP-9 at 24 hours. Individual correlations for all time points are presented in the Table. The mean infarct volume at 24 hours after focal cerebral ischemia was 499Ϯ157 mm 3 . No correlation was found between plasma pro-MMP-2 and infarct volume at any time point (see Table) . However, a pattern of correlations was detected between plasma pro-MMP-9 and final infarct volumes (Table) . This reached statistical significance for 24-hour plasma pro-MMP-9 and 24-hour final infarct volumes (rϭ0.762, Pϭ0.028). Overall, however, these relationships between plasma MMP and brain infarct volumes were limited by the small numbers available for this portion of the study.
Discussion
By degrading neurovascular substrates, MMP promote bloodbrain barrier leakage that may underlie cerebral edema and hemorrhage. 1, 5, 6 By disrupting cell-cell and cell-matrix signaling, MMP may trigger brain cell dysfunction and death. 19, 20 Furthermore, it is now recognized that tissue plasminogen activator can upregulate MMP, perhaps mediating some of the hemorrhagic complications of delayed thrombolysis. 21, 22 Taken together, the data suggest that MMP, especially the gelatinases MMP-2 and MMP-9, play important roles in the pathophysiology of cerebral ischemia and hemorrhage. Hence, measuring Figure 1 . Temporal profiles of MMP-9 in plasma. A, Representative zymogram shows bands of NGAL-MMP-9 complexes, pro-MMP-9, activated MMP-9, and pro-MMP-2 before ischemia and at 3 hours, 6 hours, 12 hours, and 24 hours after permanent focal cerebral ischemia in rats. B, Western blotting against MMP-9 confirms that pro-MMP-9 and activated MMP-9 are detected in the rat plasma samples. C, Immunoblotting against NGAL and MMP-9 protein supports the existence of higher-molecular-weight bands of NGAL-MMP-9 complexes in the rat plasma samples. Figure 2 . Quantified temporal profile of plasma MMP levels via densitometric analysis of zymograms. A, Plasma pro-MMP-9 levels are significantly increased at all time points after ischemia. B, Plasma-activated MMP-9 levels are only significantly elevated at 24 hours. C, Plasma levels of total (activated plus pro) MMP-9 levels progressively increase over time. Note, however, that stable pro-MMP-9 and relatively unstable activated MMP-9 densitometry may not be comparable when summed. D, Plasma NGAL-MMP-9 complexes shows statistically significant changes at 3 and 6 hours. *PϽ0.05 vs values before ischemia.
MMP and finding ways to target these proteases may lead to useful diagnostic and therapeutic approaches for stroke. 9 In experimental stroke models, MMP in brain are easy to identify and quantify for specific hypothesis testing. In recent years, emerging data suggest that similar MMP signatures may also be detected in clinical stroke patients. The majority of these findings have come from measurements of circulating MMP in plasma. Levels of MMP-9 within the acute (Ͻ24-48 hours) periods of ischemic strokes were found to be correlated with worsened NIH stroke scores, larger infarct volumes, and increased risk of hemorrhagic conversion. 13, 14, 21, 23, 24 However, all of these clinical studies were unable to demonstrate a clear temporal progression of these MMP signals over time. Levels at very early 3-to 6-hour time points were not significantly different from those at later 24-to 48-hour time points. Together with the heterogenous characteristics of human stroke (comorbidities and various risk factors in patients vs controls, variable infarct size, location, and severity), this raises the question as to whether MMP in blood can truly serve as causative biomarkers of stroke pathophysiology or if they are only nonspecific markers of tissue injury.
Surprisingly, there has only been 1 previous study that tried to compare blood vs brain levels of MMP in cerebral ischemia. In a rat model of focal cerebral ischemia, Koh et al 15 found that plasma levels of MMP-9 peaked very early at 4 hours, then declined back to baseline by 24 hours. In contrast, they found that brain levels of MMP-9 progressively increased and peaked at 24 hours. These data would suggest that there is no good correlation between plasma and brain MMP-9 responses after cerebral ischemia. Our findings here are different. In our rat focal ischemia model, plasma levels of pro-MMP-9 progressively increased and remained elevated at 24 hours, in parallel with brain levels. Plasma levels of activated MMP-9 showed a late peak only at 24 hours, whereas in ischemic brain, activated MMP-9 increased at 12 and 24 hours. Overall, total MMP-9 levels in plasma and brain were highly correlated. There may be several potential reasons for the discrepancy between our data and the Koh et al 15 study. First, we used a , and pro-MMP-2, but no NGAL-MMP-9 complexes are detected. Compared to contralateral hemisphere, MMP-9 levels are increased in ischemic ipsilateral tissue over time. B, Quantitative densitometry shows that brain pro-MMP-9 is elevated at all time points. C, Activated MMP-9 is increased at 12 and 24 hours. D, Total (activated plus pro) MMP-9 is increased at all time points. E, Brain MMP-2 appears to be increased at 12 and 24 hours. *PϽ0.05 and **PϽ0.01 between ipsilateral and contralateral levels. model of permanent ischemia, whereas Koh et al 15 used a model of transient ischemia. It is conceivable that reperfusion may lead to differential MMP responses in blood vs brain. Second, it was not clear how pro vs activated MMP-9 forms were quantified in the previous study. In our experiments, we found significant differences between pro and activated MMP-9 bands in blood vs brain. For some reason, activated MMP-9 bands were not markedly elevated in blood until 24 hours, long after these corresponding levels were increased in brain tissue. Further studies will be required to examine the reason for these intriguing differences. However, it should be noted that activated forms of MMP-9 are much less stable than inactive proforms of this enzyme and consequently more difficult to visualize on zymography analysis. In this regard, one might speculate that all else being equal, proforms of MMP-9 may be easier to interpret when considering biomarkers for clinical stroke. Nevertheless, how blood MMP levels relate to actual brain infarction remains to be unequivocally resolved, especially for active MMP-9 levels. In brain, these steadily increase over time, whereas in plasma, only 24-hour samples show significantly elevated active MMP-9 forms. It is possible that these profiles may be related to different sources of MMP-9 in periphery vs brain parenchyma. A recent report showed that after transient focal cerebral ischemia in rats, 24-hour MRI lesion volumes correlated with brain MMP-9 levels but not plasma MMP-9. 11 Further studies are required to separate how much of plasma MMP levels come leaked from damaged brain vs how much might come form activated blood cells and nonlocal endothelium.
Thus far, our data are not inconsistent with the possibility that plasma levels of pro and activated MMP-9 forms may partially derive from ischemic brain parenchyma and activated cerebral endothelium. However, it is increasingly recognized that systemic blood cells may also be highly reactive after stroke. 25 Neutrophils can be an especially potent source of MMP-9 and in the human circulation this leukocyte type is certainly the most abundant one. 16 Recent studies in experimental models of cerebral ischemia showed that neutrophils can secrete MMP-9 into ischemic brain areas. 26, 27 In the present study, we attempted to look for higher molecular weight zymographic bands of NGAL-conjugated MMP-9 as a surrogate marker for neutrophil-derived MMP-9. 28 In ische- mic brain homogenates, we were unable to detect covalent NGAL-MMP-9 complexes at the examined time points. But in plasma, NGAL-MMP-9 forms were clearly detected, and these signals transiently peak at Ϸ3 to 6 hours and then decreased back to baseline levels. In most clinical studies, MMP-9 assays are performed using enzyme-linked immunosorbent assays, which may not be able to distinguish between the various pro, activated, and NGAL-conjugated MMP-9 isoforms. How neutrophil-derived MMP-9 contributes to clinical plasma signals warrants further investigation.
Conclusion
Overall, our study suggests that in rat focal cerebral ischemia, plasma and brain levels of MMP-9 may be correlated. However, there are several important caveats to be considered. First, our data remain comparative and correlative, and we cannot truly assess causality. We can only say that our plasma MMP measurements seem interesting as potential biomarkers. Second, we cannot determine cell source. Although we were able to detect NGAL-MMP-9, which most likely comes from activated neutrophils, the rest of our zymographic data are noncell-specific. Third, we cannot say anything about specific mechanisms of brain injury. We only compared MMP levels with overall tissue infarction. Further studies are required to examine how plasma MMP may or may not truly track the evolution of blood-brain barrier damage and other specific mechanisms of pathophysiology within the neurovascular unit. Fourth, our numbers and time points are relatively limited. We detected a significant correlation between plasma and brain pro-MMP-9 at 24 hours, and between 24-hour plasma pro-MMP-9 and 24-hour infarct volumes. But it is possible that higher numbers may have increased our power to pull out correlations at different time points. Besides, we have no long-term follow-up. Delayed changes in MMP-2 will be missed in our study. And we cannot be sure how our so-called biomarkers may or may not correlate with actual functional outcomes after stroke. Fifth, our study only examined MMP profiles in permanent ischemia. How these MMP biomarkers respond to reperfusion will have to be carefully investigated, especially in the context of thrombolytic therapy. Finally, our analysis is focused on MMP-9. Future studies using protein arrays may be needed to examine the network response of all MMP in cerebral ischemia. For biomarker purposes, a broader signature of multiple MMP may generate more power than reliance on a single protease alone.
In conclusion, our study showed that in a rat model of focal cerebral ischemia, plasma and brain levels of MMP-9 were correlated with each other, both plasma and brain MMP-9 progressively increased over the first 24 hours after ischemia, and 24-hour plasma pro-MMP-9 levels are correlated with 24-hour brain infarction. But, it is important to emphasize that mechanisms and causality remain unproven, so that more careful investigation of clinical MMP profiles in stroke patients would be useful.
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